INTRODUCTION
the kidneys and pancreas whereas the second reaction takes place in the liver. In the first step, catalyzed by the enzyme l-arginine:glycine amidinotransferase, larginine reacts with glycine to form l-ornithine and GAA. Then, GAA is methylated at the amidino group by S-adenosyl-methionine (SAM) to form CREA in a reaction that is catalyzed by the enzyme S-adenosyll-methionine:N-guanidinoacetate methyltransferase. A sodium-linked transporter then transports CREA from the liver into a variety of tissues against very high CREA concentration gradients.
The CREA levels were found to be lower in human vegetarians, who are deprived of exogenous CREA supply, than in a reference population (Delanghe et al., 1989; MacCormick et al., 2004) . Farm animals fed diets containing reduced amounts of animal protein, or no animal protein at all, might be deficient in CREA. Hence, in view of the decreasing amounts of protein from animal-origin included in animal feeds, particularly in the European Union, supplementation with CREA or its precursor GAA might restore the CREA load in tissues. Furthermore, GAA is an immediate precursor of CREA that requires only a methyl-group transfer from SAM. Baker (2009) thus hypothesized that dietary GAA could spare dietary l-arginine, an essential amino acid for birds, in the same manner as dietary CREA. Guanidinoacetic acid might also be favorable in young fast-growing chicks because of their high need to supply CREA to growing muscles (Brosnan et al., 2009 ) and because the regeneration of ATP from the CREA and PCr system appears to be of paramount importance in the cardiac energy management of fastgrowing broilers (Nain et al., 2008) .
Creatine as a feed additive shows some drawbacks, such as instability and high cost, compared with GAA, which is more stable and less expensive (Baker, 2009) . Guanidinoacetic acid might therefore be more suitable for use in animal nutrition. Nevertheless, several studies including labile methyl-group balance studies in humans, and estimates of the methylation demand, indicate that the methylation of GAA to CREA consumes more SAM than all other methylation reactions combined (Mudd et al., 1980; Stead et al., 2001) . It appears that dietary GAA supplementation considerably increases the methylation demand (Stead et al., 2006) , which can induce the accumulation of homocysteine in the blood Setoue et al., 2008) or lead to a deficiency of methionine, and perhaps choline, folic acid, or vitamin B 12 or a combination of these, depending on the dietary provision of these nutrients.
Creatine supplementation has also been studied in finisher pigs in relation to their energy status at slaughter and meat quality (reviewed by James et al., 2002) . In some studies, CREA supplementation delayed the muscle pH decline postmortem, with a possible positive effect on water-holding capacity (WHC). In contrast, Nissen and Young (2006) found a lower pH postmortem and a lighter color of breast meat of Ross 308 broilers upon CREA and glucose supplementation for 48 h before slaughter. Stahl et al. (2003) found similar results when broilers were fed CREA during the entire rearing period. Therefore, the effects of GAA on meat characteristics should be addressed as well. Recent findings also highlight the pro-oxidant potential of GAA. Guanidine compounds, like GAA, can induce the formation of free radicals (review by Hiramatsu, 2003) . In addition, Zugno et al. (2006 Zugno et al. ( , 2008 showed that GAA administration to the rat brain led to a decrease of the nonenzymatic antioxidant capacity likely due to oxidation of sulfhydryl groups, leading to lower glutathione levels. These findings warrant further investigation.
Literature contains only limited data on the effects of CREA or GAA on broiler performance. Halle et al. (2006) found inconsistent effects on animal performance and no effect on carcass quality by supplemental CREA (0.5-10 g/kg), whereas Stahl et al. (2003) found small but significant improvements in feed conversion after CREA loading. Ringel et al. (2008a,b) found significant performance improvements and a higher percentage of breast meat from dietary GAA supplementation (0.6-1.2 g/kg). Lemme et al. (2007) , feeding diets supplemented with 0.6 and 6 g/kg of GAA to colon-fistulated chickens, found true fecal digestibilities of GAA of 99.4 and 98.9%, respectively. Calculated utilization of digested GAA amounted to 77.1 and 46.4%, respectively. The aim of the present trial was to investigate how GAA supplementation in all-vegetable diets affected animal performance and carcass characteristics, meat quality, and traits of the energy metabolism, including the plasma oxidative status of broilers as compared with a positive control diet containing fish meal.
MATERIALS AND METHODS

Birds, Diets, and Sampling
The experiment was conducted with the approval of the Institute for Agricultural and Fisheries Research Animal Care Protocol Review Committee (Melle, Belgium). One-day-old male broiler (Ross 308; Belgabroed Hatchery, Merksplas, Belgium) chicks were used in the trial. Pens contained 32 birds each at a density of 14.3 birds per m 2 . The floor was covered with wood shavings. Central water heating and infrared bulbs (1/pen) provided optimal house temperature according to production stage. The lighting program was 21L:3D during the entire period. The broilers were vaccinated on their first day of life against Newcastle disease (spray) and infectious bronchitis (Poulvac IB Primer, Pfizer, Brussels, Belgium; spray). At 16 d of age, the vaccination against Newcastle disease was repeated (La Sota, Clone 30, Intervet, Brussels, Belgium; drinking water). Paper sheets from the transport hatchery boxes at arrival were examined for Salmonella at the Provincial Laboratory of Animal Health (Drongen, Belgium). No Salmonella was detected. Animals and housing facilities were inspected twice daily.
The experiment consisted of 4 dietary treatments replicated in 6 randomized complete blocks with each replicate (pen) having 32 birds. The dietary treatments (Table 1) were: 1) negative control (NC), corn-soybean-based; 2) NC supplemented with 0.6 g of GAA per kg of feed (GAA0.6); 3) NC supplemented with 1.2 g of GAA per kg of feed (GAA1.2); and 4) positive control (PC), 60.0, 30.0, and 30.0 g/kg of fish meal at the expense of soybean meal in the starter, grower, and finisher diets, respectively (rearing periods of 13 d each). The diets per rearing period were formulated to be isoenergetic and isonitrogenous according to NRC requirements (NRC, 1994) . Prior to the trial, samples of stored batches of the main ingredients used (soybean meal 48, fish meal, full-fat soybeans, wheat, and corn) were analyzed for DM (AOAC, 1990; method 930.15) , CP (AOAC, 1990; method 968.06) , and amino acids (Fontaine et al., 2001) . These values were introduced in the matrix of a least-cost linear computing program used to formulate the experimental diets. By adjusting the PC and NC diets with synthetic amino acids (lysine, methionine, and threonine), equal dietary amounts of amino acids were obtained (Table 1) . Guanidinoacetic acid was administered by adding the feed additive CreAMINO (>96% GAA; Evonik Degussa GmbH, Hanau-Wolfgang, Germany) to the NC diet by replacing an equal quantity of corn and soybean meal. Feed as mash and drinking water were provided ad libitum. Pen weight was recorded at the end of the starter, grower, and finisher periods (d 13, 26, and 39, respectively) . Feed intake was recorded for each rearing period: 0 to 13, 14 to 26, and 27 to 39 d. Daily mortality and cullings were recorded per pen. Corrections for mortality when calculating zootechnical performances were done using the number of broiler days (number of broilers × days alive). Cause of death was determined by autopsy. Birds that died during the first 3 d were replaced, and stunted birds were removed at the end of the starter period.
At the end of the grower period (d 26), 2 birds per pen with average pen weight were removed for metabolic and oxidative status measurements. Birds were euthanized by intravenous T61 administration (embutramide, 250 mg/mL; mebenzoniumiodide, 50 mg/ mL; tetracaïne hydrochloride, 5 mg/mL; Hoechst, Brussels, Belgium) and immediately sampled. Blood samples from the carotid artery were taken in EDTAtubes and stored on crushed ice before centrifugation (2,650 × g for 15 min). Plasma samples were stored at −20°C until analysis. On d 39, 4 animals per pen with a weight close to the average weight of the pen were selected to determine carcass characteristics and breast meat quality (2 birds each). These birds were tagged, fasted overnight, weighed, and slaughtered the next day (d 40). Breast samples for analysis of GAA, CREA, creatinine, and PCr:ATP were taken immediately after slaughter, frozen in liquid nitrogen, and stored at −80°C pending analysis.
Plasma Metabolites and Oxidative Stress Measures
Plasma metabolites were determined using various methods. The Idexx VetTest 8008 Chemistry Analyzer (Idexx Laboratories Inc., Westbrook, ME) with the respective slides (InstruVet nv, Beringen-Paal, Belgium) was used to quantify glucose, lactate, triglycerides, and uric acid. Nonesterified fatty acids were determined with the Wako NEFA-HR(2) ACS-ACOD method according to the manufacturer's guidelines (Sopachem nv, Eke, Belgium). This method relies upon the acylation of coenzyme A by fatty acids in the presence of added acyl-CoA synthetase. The acyl-CoA produced is oxidized by added acyl-CoA oxidase with the generation of H 2 O 2 , which in the presence of peroxidase, permits the oxidative condensation of 3-methy-N-ethyl-N(β-hydroxyethyl)-aniline with 4-aminoantipyrine to form a purple-colored adduct that can be measured spectrophotometrically at 546 nm. Insulin-like growth factor I (IGF-I) was measured by radioimmunoassay according to the method described by Renaville et al. (1993) which was validated for avian serum before the experiment. The hormones 3,3′,5-triiodothyronine (T3) and 3,3′,5,5′-tetraiodothryronine (T4) were determined by competitive radioimmunoassay according to Darras et al. (1996) . In addition, plasma samples were used to determine traits of oxidative status, including malondialdehyde (MDA) and ferric reducing ability of plasma (FRAP). The FRAP assay is considered as a measure of the total antioxidant power, according to the method described by Benzie and Strain (1996) . The MDA concentration in plasma was measured using the thiobarbituric acid reactive substances (TBARS) method, as described by Grotto et al. (2007) to assess lipid oxidation.
Analysis of GAA and Energy Compounds
Approximately 10 g of muscle tissue was thoroughly chopped and transferred into a 250-mL beaker. Then 120 mL of deionized water was added and homogenized with a rotor-stator mixer. The resulting suspension was quantitatively transferred into a 500-mL flask and deionized water was added until a total volume of 450 mL. After stirring for 90 min and sonication for 5 min, deionized water was added until a total volume of 500 mL. Thirty milliliters of the suspension was centrifuged at 89,000 × g at ambient temperature for 10 min. Then, an aliquot of the supernatant was filtrated through a 0.45-μm membrane filter and an SPE cartridge. For determining GAA and creatinine, the filtrate was used Guanidinoacetic acid (GAA) was administered by adding the feed additive CreAMINO (>96% GAA; Evonik Degussa GmbH, Hanau-Wolfgang, Germany).
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Values are means of 2 replicates.
directly. For CREA, the filtrate was diluted (1:10, vol:vol). The GAA and CREA were separated by ion chromatography (Dionex Series DX500, Dionex Gmbh, Idstein, Germany) and determined by UV detection at 200 nm (UV/VIS-detector AD25). Samples were injected with an autoinjecter and the injection volume was 50 μL. The column used was Hypersil Hypercarb 4.6 × 100 mm, Thermo 35007-104630 (first column, stationary phase: porous graphitic carbon, particle size 7 μm) and Aminopac PA1, Dionex P/N 37022 (second column, stationary phase: pellicular substrate (2% cross-linked) agglomerated with a 180-nm MicroBead alkyl quaternary ammonium functionalized latex (20% cross-linked, particle size 10 μm) with pre-column Dionex 37022. The column temperature was 30°C. Deionized, filtered, and vacuum-degassed water was used as the mobile phase at a flow rate of 1.0 mL/min. Quantified CREA represents both phosphorylated and nonphosphorylated creatine. Creatinine was separated by HPLC (column: Nucleosil 5 SA, ET 250/4, Machery-Nagel; stationary phase: sulfonic acid-modified silica gel, particle size 5 μm) and determined by UV detection at 225 nm (UV/ VIS-detector 151, Gilson). An ammonium dihydrogen phosphate solution (pH 4.0) was the mobile phase (flow rate, 1.0 mL/min). Internal standard solutions (GAA, >99%, Degussa AG; CREA, 99%, Degussa AG; and creatinine, >99%, Fluka 27910) were prepared to determine response factors. The detection limit for GAA, CREA, and creatinine in breast meat muscle was 0.4, 22, and 3 mg/kg, respectively. If the compound was not detected, the detection limit was taken as a set value for further data processing. The GAA, CREA, and creatinine were quantified in feeds using the same method following grounding of the feed. The detection limit for GAA, CREA, and creatinine in feed was 1, 10, and 1 mg/kg, respectively. The PCr:ATP ratio was determined in a breast meat sample using 31 P nuclear magnetic resonance (NMR) spectroscopy. Signals arise in the 31 P NMR spectrum of the sample originating from the phosphorous atoms of ATP and PCr, respectively. The areas of the signals are directly proportional to the molar concentration of the analytes. By integrating and comparing the signal areas, the molar ratio of ATP and PCr can be evaluated. The samples were prepared and investigated as follows. About 0.5 to 1.0 g of tissue sample was defrosted by extraction in a mortar with 1 mL of cold 0.6 mmol/L perchloric acid for 2 min. The liquid was neutralized by 1 mL of 1.2 mmol/L Na 2 CO 3 (50% D 2 O/50% H 2 O; pH 7-8), and 0.6 mL of the supernatant solution was transferred to a 5-mm NMR tube. Standard mixtures of ATP and PCr were prepared on the basis of stock solutions (0.02 mmol/g) of ATP and PCr in 0.2 mmol/L carbonate buffer (pH 9.2). The NMR spectrometer (Bruker Avance 500 MHz, Bruker Biopsin GmbH, Bremen, Germany) equipped with a 5-mm broad-band 31 P-probe operated at 202.4 MHz for 31 P. For each spectrum, owing to the higher concentrations, only 256 transients were recorded and a relaxation delay of 1 s with an acquisition time of 0.54 s was used. The areas of the individual signals were integrated, and signal-tonoise levels were determined using the NMR Topspin software version 2.0 from Bruker Biopsin. Phosphoric acid (85%) was used as an external standard.
Carcass Characteristics and Meat Quality
After chilling for 24 h at 2°C, 2 carcasses per pen were weighed to determine the slaughter yield (%) and were cut according to a standardized procedure (Uijttenboogaart and Gerrits, 1982) to determine breast (without skin), upper legs (thigh), lower legs (tibia and foot), and wings (expressed as a percentage of carcass weight). To determine the carcass gross chemical composition, all cuts from both birds per pen were pooled. After freezing, these samples were homogenized in a cutter. The cutter (Alexanderwerk 10L; Alexanderwerk AG, Remscheid, Germany) is made out of a horizontal rotating body with a fixed axis fitted with vertical blades. The samples were processed for approximately 3 min until a homogeneous pasta-like mixture was obtained, then about 300 g was removed and freeze-dried. Dry matter (ISO, 1973) , CP (ISO, 2005) , and crude fat (ISO, 1999) were determined on these samples according to standardized ISO methods.
On the carcasses used for meat quality measurements, postmortem pH (t = 0.5, 1, 2, 3, 4, and 24 h), temperature (°C; t = 2, 3, and 4 h), and conductivity at 24 h (μS; PQM meter) were determined on the right side of the breast muscle. Drip loss (%; proportionate weight loss of a sample hanging in a plastic bag for 48 h at 2°C) and press loss (%; proportionate fluid loss measured following a modification of the press method of Grau and Hamm, 1953) were determined the day after slaughter. After storage at −20°C, thaw loss (%; proportionate weight loss of a sample before frozen vacuum storage at −20°C and after overnight thawing at 4°C) and cooking loss (%; proportionate weight loss of a sample after cooking in an open plastic bag in a water bath at 70°C for 40 min followed by cooling in cold-running tap water for 15 min) were assessed. The same sample was used for assessing thaw loss and cooking loss. Shear force (N) was determined on cylindrical cores (diameter, 1.27 cm), taken from cooked samples by perpendicular shearing to the longitudinal orientation of the muscle fibers using a Lloyd TA 500 Texture Analyzer (Lloyd Instruments, Meerbusch, Germany). Color L*, a*, and b* values were measured on breast muscle samples 1 d postmortem with a HunterLab Miniscan XE plus spectrocolorimeter (light source D65, standard observer 10°, 45°/0° geometry, 1-inch light surface, white standard) after 30 min blooming. Color and lipid stability were evaluated after display under fluorescent light (1,000 lx) for 9 d at 4°C on samples that had been previously frozen and thawed. Samples were wrapped in oxygen-permeable polyethylene film.
Color stability was measured by the increase in the percentage of metmyoglobin calculated from reflectance values (HunterLab Miniscan XE plus spectrocolorimeter, Hunter Associates Laboratory Inc., Reston, VA) at specific wavelengths according to Krzywicki (1979) . Lipid oxidation was assessed by measuring TBARS using the distillation method described by Tarladgis et al. (1960) , and it was expressed as micrograms of MDA per gram of meat.
Statistical Analysis
Data of animal performance (n = 6 per treatment; pen as the experimental unit), carcass gross chemical composition (n = 6; on pooled carcasses per pen), carcass characteristics, and meat and metabolic traits (n = 12; animal as the experimental unit) were analyzed by a linear model with the fixed effect of treatment. If this analysis indicated significant (P < 0.05) differences among treatments, the treatment means were compared using the post hoc Tukey test. Orthogonal contrasts were applied to explore the effect of treatments.
RESULTS
Diets and Bird Performance
The analyzed GAA concentration in the GAA diets was close to the intended dose, whereas the control diets contained trace amounts of GAA (≤1 mg/kg; Table  1 ). The all-vegetable feeds (NC and GAA) were free of CREA (<10 mg/kg), in contrast to the PC diets that contained fish meal. The final BW and the ADG in the starter period of the birds fed with the PC feed were higher (P < 0.01) than the final BW and the ADG of the birds fed on the diets with the GAA supplements and the NC diet (Table 2) . Animals fed the PC diet also showed a higher ADFI compared with the other treatments. The 2 test feeds (GAA0.6 and GAA1.2) showed comparable results. In the grower period, ADG and ADFI were not affected by dietary treatment. Compared with the NC diet, both GAA diets resulted in a higher BW at d 26 (+ 1.5 and 2.1%, respectively), but it was still lower than that of animals fed the PC diet. The final weight of the birds of the control treatment NC was lower than the final weight of the birds fed the PC diet (P < 0.05). The gain:feed ratio was higher for the GAA1.2 compared with the GAA0.6 diet (P < 0.05). At d 39, birds on the GAA diets reached a comparable weight to the PC birds due to a slightly higher growth rate in the finisher period. The final weight of GAA-fed broilers was higher than that of the NC birds (P < 0.05). Regarding the overall results (d 0 to 39), the ADG of GAA-fed birds was 1.8 g/day (GAA0.6) and 1.5 g/day (GAA1.2) higher than those of the birds fed the NC diet (P < 0.05) and nonsignificantly different from those of the birds fed the PC diet ( Table 2 ).
The gain:feed ratio was most favorable in both GAA diets but only significantly higher than that of the NC birds (orthogonal contrast I, P < 0.05). Mortality was low (1.0 to 3.1%). In the finisher period, PC birds had a higher mortality than GAA-fed birds (P < 0.05).
Plasma Metabolites, Oxidative Stress Measures, and Energy Compounds
A limited number of plasma metabolites of 26-d old broilers showed differences between treatments (Table  3 ). The IGF-I levels in GAA1.2-fed animals were markedly elevated compared with those of the other birds (P < 0.01). Compared with those from birds in the GAA treatments, the NC treatment resulted in chickens having higher FRAP values (P < 0.05). Breast meat of birds supplemented with GAA had reduced levels of GAA and increased levels of CREA compared with those of both NC and PC birds (P < 0.001). The PCr:ATP ratio was significantly higher for birds on the GAA1.2 diet compared with that of the NC diet (P < 0.05), but it was not different from that of the other diets. In addition, the orthogonal contrast of GAA-supplemented diets vs. NC was significant for this variable (P < 0.05). Across diets, breast meat GAA content was negatively correlated with the CREA content (P < 0.01; Table 4 ). The PCr:ATP ratio was positively related to the CREA content (P < 0.01). However, a higher breast meat CREA content also resulted in elevated creatinine levels (P < 0.01).
Carcass Characteristics and Meat Quality
Dietary supplementation with GAA resulted in a higher percentage of breast meat in the carcass compared with that from birds of the NC diet (P < 0.05) and was comparable with that of birds fed the PC diet (Table 5 ). The absolute breast yield was higher in the GAA1.2 diet compared with that from birds in the NC diet (P < 0.05), whereas the absolute weight of the lower leg was higher than that in the PC birds (P < 0.05; data not shown). Neither moisture and CP nor crude fat content of the carcass were affected by the treatments (Table 5 ).
The GAA supplementation had only a minor effect on meat quality (Table 5 ). The pH values were slightly lower for the GAA diets compared with those of the NC (P < 0.05 at 4 h postmortem and P < 0.01 at 24 h postmortem) and PC treatments. Both press loss (P < 0.01) and cooking loss (P < 0.05) were higher for the GAA treatments compared with those of the NC treatment but were not different than those of the PC treatment. The color L* value was higher (i.e., paler meat) for the GAA treatments compared with that of the NC treatment (P < 0.05). Shear force, metmyoglobin formation, and lipid stability (MDA) were not affected by the treatments. Values with different superscripts within a row are significantly different at P < 0.05. 1 T3 = triiodothyronine, T4 = tetraiodothyronine; NEFA = nonesterified fatty acid; IGF-I = insulin-like growth factor I; MDA = malondialdehyde; FRAP = ferric reducing ability of plasma; and PCr:ATP = phosphocreatine:adenosine triphosphate.
2 NC = negative control; GAA0.6 = negative control supplemented with 0.6 g/kg of GAA; GAA1.2 = negative control supplemented with 1.2 g/kg of GAA; and PC = positive control.
3 I = orthogonal contrast of GAA-supplemented diets vs. NC; II = orthogonal contrast of GAA-supplemented diets vs. PC. 4 FM = fresh matter.
DISCUSSION
Creatine Loading and Effects on Bird Performance, Carcass Characteristics, and Meat Quality
Our hypothesis was that dietary GAA could restore the CREA load in tissues of birds fed all-vegetable diets and accordingly improve animal performance. Indeed, the CREA concentration in breast muscle was enhanced by 11.1 and 15.7% when fed 0.6 and 1.2 g/kg of GAA, respectively, compared with that of birds fed an allvegetable diet. Guanidinoacetic acid is effectively converted into CREA. When considering the entire rearing period, birds fed GAA performed better than birds fed the all-vegetable diet, mainly because of a better gain:feed ratio in the finisher period. Related to the PC treatment, GAA-supplemented birds displayed equal or better performances only in the finisher period. It seems that GAA supplementation is most beneficial in the finisher period, when growth rates are the highest. Nevertheless, this finding supports the hypothesis that dietary GAA restores the CREA load in tissues of birds fed purely vegetable diets and accordingly improves cell energy management and animal performance. Overall, feed conversion was most favorable in both GAA diets, which is consistent with Ringel et al. (2008a,b) and trials reported in the EFSA opinion on GAA (EFSA, 1 NC = negative control; GAA0.6 = negative control supplemented with 0.6 g/kg of GAA; GAA1.2 = negative control supplemented with 1.2 g/kg of GAA; and PC = positive control.
2 I = orthogonal contrast of GAA-supplemented diets vs. NC; II = orthogonal contrast of GAA-supplemented diets vs. PC.
3 Carcass yield as a percentage of BW and carcass components expressed as a percentage of carcass weight.
2009). The PC treatment enhanced growth compared with the NC diet. Differences in CREA anabolism can hardly be responsible for this because the dietary CREA supply through the PC diet was negligible. The CREA levels in the fish meal and concomitantly PC diets (Table 1) were unexpectedly low, whereas the creatinine content exceeded that of CREA. The CREA content in fish meal is heavily variable and transformation to creatinine during storage and processing can occur to a considerable extent, as the current trial illustrates. One may therefore assume that a higher amino acid (e.g., arginine) provision by the PC diet must have caused the growth promotion. Profiles of analyzed essential amino acids (Table 1) were similar for all diets, but total CP content was consistently highest for the PC diet in all rearing periods. Ringel et al. (2008a) also addressed the question of breast meat as a percentage of carcass weight. They found that this percentage linearly increased with GAA inclusion level. In the present study, the absolute breast yield was significantly higher in the GAA1.2 and the positive control diets compared with that of the NC treatment. Creatine supplementation in human sports nutrition is known to increase the lean body mass, particularly in men, and has been ascribed mainly to an increase in water accretion rather than protein accretion (review by Williams and Branch, 1998) . Our data do not suggest a similar effect. Effects of GAA feeding on meat quality were similar or slightly different from previous reports either supplementing CREA (Stahl et al., 2003) or GAA (Ringel et al., 2008b) . Ringel et al. (2008b) found no effects on meat quality except that redness (a*) appeared to be lower in GAA-fed broilers. In the current trial, particularly lightness (L*) and yellowness (b*) were ultimately higher. Breast muscle of broilers contains primarily fast-twitch (type IIB) muscle fibers prone to rapid glycolytic metabolism. In these fibers, large quantities of lactic acid are generated postmortem, which may result in a rapid reduction in muscle pH and a decreased WHC, which ultimately decreases the retail value of fresh poultry. Several studies have focused on the ability of CREA to influence pork and poultry meat quality (e.g., Stahl et al., 2003) . Here, marginally lower pH values postmortem and lower WHC due to higher drip, higher press, and greater cooking loss may be considered for the GAA treatments when compared with those of the NC treatment. Thus, CREA loading resulted in the opposite effects than expected. These effects are small, however, and are of no concern regarding retail value.
Intermediate Metabolism and Oxidative Status
Current data on GAA, CREA, and creatinine content and the PCr:ATP ratio in breast meat of birds fed GAA within the dose-range tested show the same trend as seen in previous trials (EFSA, 2009). Supplementing GAA to all-vegetable diets results in a doserelated increase of CREA concentrations in breast meat and enhanced PCr:ATP ratios. It should be noted that CREA concentrations in breast meat represent both phosphorylated and nonphosphorylated creatine in our study. Guanidinoacetic acid feeding caused a strong decrease in GAA content. The Pearson correlation coefficients shown in Table 4 confirm these relationships in the current trial. Because the conversion of GAA into CREA is irreversible, GAA in muscle tissue must have originated through the circulatory system. Surprisingly, in GAA-supplemented birds, the GAA content in breast meat is much lower than in nonsupplemented birds. This has 2 possible explanations. First, several studies indicate that CREA downregulates the renal and pancreatic l-arginine:glycine amidinotransferase expression by a feedback mechanism (e.g., Edison et al., 2007) , which might result in lower circulatory levels of GAA. Second, limitations in the GAA bioconversion upon an increased GAA availability from a dietary origin may induce an effective elimination through urine and ultimately result in lower deposition in breast meat. Whether this excreted GAA stems from endogenous synthesis or has a dietary origin remains unclear. Treatment comparisons do not indicate that increased CREA in breast meat leads to higher creatinine contents, although the positive Pearson correlation coefficient between these 2 variables indicates the opposite. EFSA (2009) confirms that there is a GAA dose-related rise in creatinine content in breast meat that becomes apparent at levels above 1.5 g of GAA per kilogram of feed. Nonetheless, the most interesting feature is that PCr:ATP ratios in GAA birds were the highest, + 12.3 and + 25.9%, compared with those of the NC treatment birds for GAA0.6 and GAA1.2, respectively. This indicates that the buffering capacity for ATP hydrolysis by PCr is increased and supports the idea that creatineloaded muscles have the capacity for increased growth or work, which might be beneficial for both skeletal muscle growth and for contractile activity of supply organs, such as heart. Another benefit might arise from the fact that intramuscular PCr can attract water into the muscle cell and increase the cell volume (Hultman et al., 1996) . Häussinger (1996) found that a superhydrated muscle may trigger protein synthesis, minimize protein breakdown, and increase glycogen synthesis, as partly illustrated by Young et al. (2007) . The GAA1.2-supplemented birds showed remarkably elevated IGF-I circulatory concentrations, which might support muscle growth as well. This corroborates recent evidence showing that the anabolic effects of CREA supplementation in humans might also be mediated by upregulation of muscle IGF-I expression (Burke et al., 2008; Deldicque et al., 2005) . Remarkably, in the current trial, only the GAA1.2 treatment yielded higher IGF-I levels, whereas in both GAA0.6-and GAA1.2-treated birds, CREA was significantly increased. Opposite to this substantial increase in circulatory IGF-I levels, the increase in growth performance was not very marked. Spencer et al. (1991) demonstrated that the autocrine/paracrine action of IGF-I for muscle growth was more important than the role of circulatory IGF-I. Other explanations are that excess IGF-I may compromise glucose homeostasis or may decrease growth hormone release due to inhibitory feedback (Scanes, 2009 ); though our results on plasma metabolites do not substantiate the former. According to literature, the effect of IGF-I treatment on growth in chickens remains equivocal (Scanes, 2009) . Hence, it is not surprising that the increase in growth performance was limited. Other metabolic traits showed only numerical differences. The FRAP values, corresponding to the total antioxidant capacity of plasma, were reduced by GAA feeding. It might reflect a decrease of glutathione levels, as shown by Zugno et al. (2006 Zugno et al. ( , 2008 . Implications for animal health and performance are to be established.
Conclusions
Guanidinoacetic acid supplementation in the diet (0.6 and 1.2 g/kg) markedly increased the CREA concentration in breast meat of 26-d-old broilers. The data suggest that supplementing GAA in all-vegetable diets improves performance and carcass characteristics in terms of the gain:feed ratio and the breast meat yield; however, it slightly reduced water-holding capacity, although this did not differ from that of the positive control. With the current trial design, effects were most pronounced in the finisher period. The PCr:ATP ratios in the breast meat of GAA-fed birds were markedly increased compared with those of the NC-treatment birds. This indicates that the buffering capacity for ATP hydrolysis by PCr is increased and supports the idea that creatine-loaded muscles have the capacity for increased growth or work, which might be beneficial for both skeletal muscle growth and for contractile activity of supply organs, such as the heart. Elevated IGF-I circulatory concentrations, specifically for the GAA1.2-treated birds, may also be involved in the anabolic effects.
